Abstract | Percutaneous needle core biopsy is the definitive procedure by which essential diagnostic and prognostic information on acute and chronic renal allograft dysfunction is obtained. The diagnostic value of the information so obtained has endured for over three decades and has proven crucially important in shaping strategies for therapeutic intervention. This Review provides a broad outline of the utility of performing kidney graft biopsies after transplantation, highlighting the relevance of biopsy findings in the immediate and early post-transplant period (from days to weeks after implantation), the first post-transplant year, and the late period (beyond the first year). We focus on how biopsy findings change over time, and the wide variety of pathological features that characterize the major clinical diagnoses facing the clinician. This article also includes a discussion of acute cellular and humoral rejection, the toxic effects of calcineurin inhibitors, and the widely varying etiologies and characteristics of chronic lesions. Emerging technologies based on gene expression analyses and proteomics, the in situ detection of functionally relevant molecules, and new bioinformatic approaches that hold the promise of improving diagnostic precision and developing new, refined molecular pathways for therapeutic intervention are also presented.
Introduction
Renal biopsy remains the gold standard by which essential diagnostic and prognostic information is obtained after kidney transplantation. 1, 2 Biopsy methodologies have been devised to assess the acceptability of an organ before transplantation and to assess and predict renal allograft performance after implantation. Renal transplant biopsy samples are analyzed by the same traditional and modern techniques as are used to assess samples from native kidneys (Box 1).
In this Review, we describe the practical role of renal biopsy in the management of renal allograft recipients and highlight the changes that occur in renal pathology with time after transplantation. In addition, we describe how the analysis of renal allograft biopsy is being enhanced by innovative techniques that could revolution ize the management of patients who have undergone renal transplantation.
Diagnostic value
Studies over the past 30 years have repeatedly documented the value of information obtained by renal transplant biopsy in clarifying the diagnosis of graft dysfunction and as a guide to the patient's management. Indeed, biopsy results changed the clinical diagnosis and treatment plan (made on the basis of clinical and laboratory findings) in approximately 40% of patients and led to a reduction in immunosuppression in approximately 20% of patients. 3 This benefit was independent of the time since transplantation and extended to biopsies obtained after the first post-transplant year; 3 these findings are similar to those previously reported. 2 
Pretransplant biopsy
Pretransplant kidney biopsy is used to judge the quality of a deceased donor organ at excision and, on occasion, to rule out the possibility of disease in live donors. 4 In addition, the donor organ biopsy sample provides a valuable baseline against which the results of subsequent biopsies of the renal allograft can be compared. Before a graft is accepted for transplantation, many variables are considered in addition to the biopsy findings, including the donor and recipient's age and body size, the closeness of the donor-recipient match, and the likelihood of finding another suitable donor. Validating the criteria for donor acceptance has been challenging, and consequentially, approximately 30% of deceased donor kidneys are discarded by US transplant centers. 5 Many clinicians regard this discard rate as unacceptably high, and a number of investigators are, therefore, attempting to refine donor biopsy sample analysis to develop predictive indicators of graft performance. 6, 7 One such indicator is the Maryland aggregate pathology index (MAPI), 7 which is based on comprehensive pathologic scoring of both frozen and permanent tissue sections, followed by sophisticated bio informatics analysis of the most informative morphological para meters (Table 1) . 7 Five features (glomerulosclerosis, periglomerular fibrosis, tubular atrophy and/or interstitial fibrosis, arteriolar hyalinosis and arterial wall thickening) seem to have the greatest relevance to the risk of graft loss and these features have been assigned thresholds and relative values. The sum of these five values is the MAPI score (Table 1) . Among patients in the validation group who were used to show the efficacy of this approach, 5-year survival was strikingly correlated with MAPI scores: 90% had a score of 0-7, 63% had a score of 8-11 and 53% had a score of 12-15. 7 Reproducibility and application of MAPI scores to clinical decision making remain to be defined; nonetheless, this study is a model of how biopsy samples can be comprehensively analyzed without prejudice to discover the most relevant prognostic features. Owing to the limited sampling associated with kidney biopsy, however, the findings are unlikely to be sufficiently decisive to enable any organs except those with the most florid disease to be discarded. Relying on the donor's renal function parameters is, in most cases, potentially more valid than using pretransplant biopsy findings, except in donors with reversible causes of renal failure (such as hepato renal syndrome).
Many investigators have addressed the question of whether gene expression profiles in donor biopsy samples might help to assess the quality of the organ. For example, the level of expression of three genes jointly accounted for 28% of the variability in serum creatinine levels at 1 year after transplantation in recipients of deceased donor kidneys, whereas conventional pathology findings accounted for only 14% of this variability. 8 Other studies have shown differences in gene expression in kidneys from living versus deceased donors; interestingly these differences were observed in the tubular or interstitial compartment (not the glomeruli) and were manifested in part by increased expression of complement system genes. [9] [10] [11] Moreover, hepatitis C virus infection status 12 and the age of the kidney donor 13 also had an effect on gene expression; differences in expression profiles were also observed between laparoscopic and conventional nephrectomy samples.
14 Some patterns of gene expression can identify patients who are at high risk of delayed graft function but cannot otherwise be distinguished by clinical or pathological assessment.
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Among the wide variety of mRNA species that show increased expression in these high-risk patients are adhesion molecules, mediators induced by oxidative stress, transforming growth factor β (TGF-β), IL-6, IL-8, interferons, complement components, proteolytic enzymes, immunoglobulins, apoptosis pathway members and cell-cycle components.
Kidney injury molecule-1 (KIM-1) is produced by injured proximal tubular cells. Its expression correlates inversely with renal function at the time of donor kidney procurement and positively with the extent of inter stitial fibrosis; however, no significant correlation is evident between either KIM-1 staining intensity by immunohistochemistry or KIM-1 mRNA levels and subsequent delayed graft function. 15 Although screening of potential donor organs using gene expression microarrays is not feasible in real time, selected markers might be assessed by PCR or immunohistochemistry. At present, however, no gene expression profile that should prompt a donor kidney to be declined has been identified, although this approach could conceivably be used to stratify the results of clinical trials. An alternative line of investigation has focused on identifying genetic risk factors in donor organs. One example of the power of this approach was the demonstration that kidneys from African-American donors who carry two copies of a genetic variant in APOL1 (which encodes apolipoprotein L-1) associated with focal segmental glomerulosclerosis (FSGS) had a significantly shorter graft survival. 16 
Indication biopsy findings
Indication biopsies are those taken to assess the cause of graft dysfunction. The timing of such biopsies strongly influences the differential diagnoses that should be considered (Figure 1 ).
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Immediate post-transplantation period In the immediate post-transplantation period (≤3 days after implantation), if delayed renal graft function results in the need for continued dialysis, the primary objective is to differentiate between ischemic acute tubular injury (ATI), hyperacute rejection, and technical problems related to the surgical procedure: acute vascular thrombosis; failures of vascular or ureteral anastomoses (leaks or dehiscence); and perinephric hematoma or fluid collections ( Figure 2 ). Analysis of biopsy samples is generally not useful for the definitive diagnosis of extrarenal complications, although some features are suggestive, After such complications are ruled out, allograft biopsy can be helpful, and even crucial, in making a definitive diagnosis of the cause of graft dysfunction. Hyperacute graft rejection, in which pre-existing donor-specific antibody (DSA) levels are sufficient to cause rejection immediately following graft perfusion, has a characteristic appearance on light microscopy, with neutro phils in peritubular capillaries and glomeruli, accompanied by capillary congestion hemorrhage and focal microthrombi. Analysis of graft tissue using immuno fluorescence microscopy or immunohistochemistry also reveals C4d deposition in a linear pattern in peritubular capillaries which, in addition to the presence of DSA, is the major diagnostic criterion for hyperacute rejection. Moreover, in ABOincompatible grafts, IgM deposition is often evident in peritubular capillaries. C4d deposition can, however, be focal or even absent in the earliest stages of hyperacute rejection, perhaps owing to poor graft perfusion. The presence of abundant neutrophils and C4d deposition distinguishes hyperacute rejection from ATI, although sometimes neutrophils are prominent in ATI.
Early post-transplantation period
The most common causes of graft dysfunction 3-30 days after transplantation are acute cell-mediated rejection (CMR), acute antibody-mediated rejection (AMR, also known as acute humoral rejection), and the toxic effects of calcineurin inhibitors ( Figure 3 ). This triad also continues to dominate the differential diagnosis of graft dysfunction for the following 2 months. The Banff classifica tion is widely used to define the diagnostic criteria for the various forms of rejection. 18 Acute CMR Acute CMR is characterized by infiltration of T lymphocytes and monocytes, which invade renal tubules, causing tubulitis, interstitial edema and, in severe cases, arterial subendothelial mononuclear cell infiltration (endarteritis). Host T lymphocytes react to both major histo compatibility complex (MHC) and non-MHC alloantigens expressed on the graft. Glomerulitis (mononuclear cell infiltration in glomerular capillaries) might also be present but is not a defining feature of acute CMR. Indeed, acute CMR has become less frequent with the introduction of improved immunosuppressive regimens and now occurs in <10% of renal graft recipients in the first post-transplantation year, although this rate is affected by a number of variables, including the level of T-cell presensitization to donor antigens and ethnicity (23.6% in African-Americans and 7.7% in other American populations). 19 Acute AMR Acute AMR is caused by DSA to antigens expressed on the graft microvasculature (particularly the peritubular and glomerular capillaries). These antibodies activate the complement system, leading to tissue injury. The usual targets of DSA are HLA class I or II antigens or ABO antigens (in recipients of ABO-incompatible grafts). Non-HLA antigens (as yet not well characterized) might also potentially serve as targets of DSA, as acute AMR is occasionally described in recipients of HLA-identical grafts. 20, 21 The frequency of acute AMR varies within the renal transplant population, but it occurs in <5% of patients after receiving their first ABO-compatible graft.
1,2 Acute AMR is most common in patients who are presensitized to donor antigens and sensitive assays are therefore used to detect DSA before transplantation to minimize this risk. A diagnosis of acute AMR requires morphologic evidence of acute tissue injury (including ATI, neutrophils in peritubular capillaries or fibrinoid necrosis of arteries); evidence of an interaction between host antibodies and graft tissue (typically C4d deposition in peritubular capillaries); and the identification of circulating DSA. C4d deposition, which occurs in a widespread, linear and circumferential distribution in peritubular capillaries, is detected by immunofluorescence microscopy or immunohistochemistry. Focal C4d deposition is of uncertain clinical relevance, but warrants determination of the patient's DSA status. 18 Not all biopsy samples from patients with acute AMR show C4d deposition, 22 and other clues, notably inflammation in peritubular capillaries (capillaritis), can help to identify acute AMR, especially in presensitized patients. 23 Interpretation of C4d staining in renal biopsy samples is strongly influenced by the technique used: immunofluorescence microscopy of frozen tissues is the most sensitive and reproducible option. 24 Banff working groups are currently seeking to establish diagnostic criteria for C4d-negative AMR and to assess the reproducibility of C4d staining across laboratories.
Toxic effects of calcineurin inhibitors
In patients with acute calcineurin inhibitor toxicity, the renal biopsy sample might be normal, show features of ATI or have isometric vacuolization of proximal tubular cells (toxic tubulopathy). The extent of nephropathy is dose-related, and the changes are reversible. Tubular epithelial cell vacuolization also occurs in patients with osmotic nephrosis owing to the administration of solutes, such as mannitol, and in recipients of intra venous immuno globulin solutions.
Thrombotic microangiopathy is a rare complication associated with both calcineurin inhibitor and mTOR inhibitor therapy, such as rapamycin. The histologic features are primarily mucoid intimal thickening of small arteries and arterioles with trapped erythrocytes and a mild infiltrate of leukocytes, as well as scattered thrombi and (in severe cases) cortical necrosis. Thrombotic microangiopathy can also be a manifestation of acute AMR; indeed, in approximately half of patients, posttransplantation thrombotic microangiopathy is caused by acute AMR. 25, 26 Notably, C4d deposition is absent in peritubular capillaries in all forms of calcineurin inhibitor toxicity, including thrombotic microangiopathy. Rarely, thrombotic microangiopathy can mimic acute CMR owing to the presence of mononuclear arterial intimal inflammation. 2 Detection of other features, such as red cell entrapment in arterial intima and thrombi, are helpful in this differential. Biopsy findings direct treatment decisions
In patients who present with the various forms of graft dysfunction described above, the biopsy findings become crucial in tailoring therapy to the patient. For example, in a high-risk renal graft recipient, such as a highly sensi tized (>80% positivity for panel reactive antibodies) African-American patient in whom the donor kidney was subjected to prolonged cold ischemia, the histological appearance of ischemia-related ATI can be distinguished from that of aggressive, antibody-mediated hyperacute or cellular rejection. If the biopsy sample reveals ATI, induction therapy can be continued for an extended period before starting standard calcineurininhibitor-based therapy. Another important dividend of a biopsy is that overimmunosuppression after empiric use of high-dose antirejection medication can be avoided.
The first post-transplantation year As always, the clinician's first step is to try to determine whether the cause of graft dysfunction is intrarenal or extrarenal. In the first 3-6 months after transplantation, mechanical causes of allograft dysfunction (although unusual) remain important to exclude; these include kinking or frank stenosis of the renal artery and delayed lymphocele formation. Lymphoceles usually occur within the first 3 months after transplantation and are caused by ligation of lymphatic vessels during preparation of the kidney for transplantation and during the actual transplantation procedure. In some patients, incomplete ligation leads to lymphatic leak and lymphocele formation. Lymphoceles can cause localized pain over the allograft, acute kidney allograft dysfunction, ipsilateral lower extremity edema, iliac vein thrombosis and pulmonary embolism. Allograft dysfunction during the first year after transplantation might also be caused by pre-existing diseases in the host that recur after transplantation and by viral infections, in addition to acute rejection and calcineurin inhibitor toxicity (Figure 4 ).
Glomerular diseases
Glomerular diseases recur with varied frequency and consequences and are the third leading cause of graft loss in patients with glomerulonephritis. 27 Among the glomerular diseases, several have a considerable effect on graft survival, including idiopathic FSGS, membranoproliferative glomerulonephritis type I, dense deposit disease, and atypical hemolytic-uremic syndrome. 28, 29 For example, primary FSGS recurs in approximately 30% of patients, sometimes within 1 h after transplanta tion. 1, 2 Many researchers have sought to identify biomarkers in plasma that can indicate the presence of FSGS or other glomerular diseases because an assay for such putative mediators would permit both better selection of patients for transplantation and also post-transplantation monitoring. 30 For example, an assay has been developed to detect autoantibodies to phospholipase A2 receptor (PLA2R), which are the most common cause of idiopathic membranous glomerulonephritis (MGN), and is currently under evalua tion in renal graft recipients. 31, 32 Recurrent glomerulo nephritis is usually morphologically identical to the patient's original disease by light, immuno fluorescence and electron microscopy. In this regard, recurrence in renal allografts could serve as a model system in which to study the early subclinical phases of the condition that resulted in the patient's kidney failure, such as the minimal change disease pattern in FSGS.
Viral pathogens
Polyomavirus nephropathy (PVN), another disease that commonly develops after transplantation (with a prevalence of 1-8%), has emerged as an important complication that can pose an enormous risk to graft longevity. 33 PVN is characterized by tubulointerstitial nephritis, ureteral stricture and hemorrhagic or nonhemorrhagic cystitis. PVN is usually caused by BK virus, and less commonly by JC virus. 34 The diagnosis is made in biopsy samples by the presence of inclusions and viral bodies in the nuclei of tubular epithelial cells, and confirmed by immunohistochemistry or electron microscopy. 35 Occasionally, immune complex deposits are observed along the tubular basement membrane, which linger after viral clearance. 36 The stage of PVN (early, florid and late) and the viral load (from <1% to >15% of tubular nuclei) can be assessed by histology and immunohistochemistry, with moderate reproducibility. 37 Patients at risk of PVN can be identified by monitoring the polyomavirus load in plasma. 38 Although the transient presence of polyomavirus in urine is common in patients with asymptomatic infections, persistent viruria precedes the development of PVN in all susceptible patients. Clusters of virions (so-called Haufen) in urine are observed by negative-staining electron microscopy and are strongly correlated with PVN. 39 Kidney allografts are more susceptible to PVN than are native kidneys in recipients of nonrenal organ transplants, despite similar levels of immuno suppression.
1,2 This observation suggests that either rejection of the renal graft promotes viral replication or that the lack of self-MHC antigens in the kidney allograft provides a sanctuary for the virus. Allogeneic kidney grafts in the mouse are better than isogeneic grafts in supporting viral replication and the viral infection augments the antiallogeneic T lymphocyte response. 40 Although adenovirus infection occurs in approximately 6% of renal transplant recipients in the first year, clinically evident infection of the allograft is rare. In contrast to PVN, adenoviral infections in renal grafts commonly cause a granulomatous reaction and adenoviral antigens are detectable in biopsy samples by immunohistochemistry. 40, 41 Adenovirus infections are also typically associated with hematuria and systemic manifestions-clinical features that help to distinguish PVN from adenoviral nephropathy.
Late renal allograft dysfunction
Over the past 20 years, with the improvements in diagnosis and management of graft dysfunction, renal allograft loss has become less common in the first year after transplantation. 1-year failure rates now range from 3.4% for living donor grafts to 6.7% for standard-criteria, deceased-donor grafts, which is a reduction from 9% and 20%, respectively compared with rates 20 years ago. 43 Graft survival after the first post-transplantation year however, has improved only marginally (~1%) during the same period. 43 Currently, in the USA, the annual failure rate is 3-5% for living donor kidneys and 5-7% for standard-criteria, deceased-donor grafts from 1 to 10 years post-transplantation. 43 Late allograft dysfunction has given rise to one of the most interesting and challenging areas of inquiry in renal transplant biology. Progress was initially impeded by introduction of the term 'chronic allograft nephropathy' to refer to late graft pathology, because it obscured specific diagnostic categories. 44 Chronic allograft nephro pathy was subsequently abandoned by the Banff consensus in 2005 in favor of disease-specific diagnoses that enable prompt intervention and appropriate treatments to pre-empt late allograft failure. 45 In only 5% of patients with late allograft failure, no underlying etiology can be identified. 46 However, if all attempts to find the exact diagnosis underlying a biopsy finding of chronic interstitial fibrosis and tubular atrophy fail, the diagnosis is termed inter stitial fibrosis and tubular atrophy not other wise specified. 45 Episodes of acute graft dysfunction are uncommon after the first post-transplantation year and are mostly associated with reduced levels of immuno suppression, either iatrogenic or self-induced. The typical presentation is progressive graft dysfunction (increasing serum creatinine levels and proteinuria), which develops over several months. Analysis of renal biopsy samples is particularly helpful in this setting, as the differential diag nosis is broad, including recurrent and de novo glomerular disease, chronic AMR, chronic CMR, calci neurin inhibitor toxicity, and PVN ( Figure 5 ). Uncommon causes of late graft dysfunction include renal artery stenosis related to the surgical anastomosis, post-transplant lympho proliferative disease, and pyelonephritis. 3 Chronic AMR A frequent specific cause of late graft loss is chronic AMR, 45, 47, 48 which arises in the setting of persistent or intermittent circulating DSA, usually to graft MHC class II antigens. In a prospective study, the majority (63%) of indication biopsy samples from renal allografts that failed after 12 months had evidence of chronic AMR, including circulating DSA and microcirculatory changes-glomerulitis, capillaritis, peritubular capillary multilayering, glomerulopathy and persistent scarring. 49 Similar results were found in a multicenter study, in which 39% of biopsy samples from renal grafts with late dysfunction had C4d deposition, with or without detectable DSA in the circula tion. 50 Patients whose biopsy findings included C4d deposits had a significantly worse outcome, regardless of whether circulating DSAs were detected. 50 Similarly, patients whose biopsy samples showed C4d deposits and transplant glomerulopathy had a worse prognosis than those with either feature alone. 51 The combina tion of C4d deposition and DSA is also associated with acceleration of chronic arterial intimal fibrosis. 52 The histological features of chronic AMR are transplant glomerulopathy (duplication of the glomerular basement membrane), multilamination of the peri tubular capillary basement membrane, interstitial fibrosis and chronic transplant arteriopathy in various combinations, often with intravascular mononuclear cells in peritubular capillaries and glomeruli. Confirmation of the diagnosis requires evidence of antibody interaction with the graft tissue, most commonly in the form of C4d deposition along peri tubular capillaries on immunofluorescence microscopy or immuno histochemistry, plus detection of circulating DSA. Lesions of a similar pathologic appearance can occur in the absence of C4d deposition (and occasionally in the absence of DSA). These biopsy samples are classified as suspicious for chronic AMR. Some patients with circulating DSA and no C4d deposition in renal allograft biopsy samples show evidence of endothelial gene activation and/or intravascular mononuclear cells. 53 Subsequently, a form of chronic AMR that does not involve the complement system has been proposed to occur, 22 similar to that described in mouse allografts. 54 In the mouse this process is mediated by natural killer cells; 55 molecular studies have also provided evidence for a role of natural killer cells in human chronic AMR. 56 Four stages of chronic AMR have been identified in nonhuman primate studies: induction of DSA; C4d deposition; transplant glomerulopathy; and progressive graft dysfunction. 57 These stages progress slowly over many months, even without immunosuppressive therapy. Moreover, C4d deposition can be intermittent and might not be present in any particular biopsy sample. 58 A similar sequence of events has been suggested to occur in humans, in which subclinical chronic AMR (DSA presence and C4d deposition) can be present for several years before the development of overt transplant glomerulopathy, as confirmed by analyses of protocol (surveillance) biopsies-those performed at predetermined intervals, irrespective of the presence or absence of graft dysfunction. 59 Once a diagnosis of chronic AMR is confirmed, 18-month graft survival is 50%. 50 Clinicians need, therefore, to detect this disease in the early stages, by monitoring circulating DSA levels in renal allograft recipients and performing renal biopsies in those who manifest de novo DSA.
Chronic CMR
Chronic CMR is less well defined than chronic AMR in the Banff classification, in part because interstitial inflammation in areas of interstitial fibrosis or in atrophic tubules is not counted as active rejection. In our opinion, chronic CMR should be considered in the presence of a mononuclear cell interstitial infiltrate, tubulitis and/or infiltration of the arterial intima, combined with interstitial fibrosis, tubular atrophy and/or intimal fibrosis.
1,2 A contribution of chronic AMR to chronic CMR is common and needs to be assessed by looking for C4d deposition and DSA in renal biopsy samples. The criteria for this putative condition need further investigation.
Calcineurin inhibitor toxicity
Calcineurin inhibitor toxicity is prevalent in longsurviving allografts (and in native kidneys of recipients of other organ allografts), reaching 100% in one prospective study. 60 Chronic calcineurin inhibitor toxicity is characterized by interstitial fibrosis, tubular atrophy and glomerulosclerosis, which are all nonspecific features. Many of the graft failures ascribed to calcineurin inhibitor toxicity could, therefore, have other causes, as no pathognomonic feature has been defined. From a diagnostic perspective, the most specific feature of the toxic effects of calcineurin inhibitors (usually either ciclo sporin or tacrolimus) are the characteristic nodular peripheral hyaline deposits in the media of arterioles, although these deposits can occasionally be observed in kidneys from patients who have never taken these agents. 61, 62 A quantitative scoring system for calcineurin inhibitor arteriolo pathy, based on whether the hyaline deposits are focal or circumferential, is fairly reproducible and should become the standard method of assessment. 
De novo glomerular disease
After the first post-transplantation year, de novo glomerular diseases might arise, such as FSGS, MGN and diabetic glomerulopathy. FSGS has been linked to calcineurin inhibitor toxicity, owing to the impairment of glomerular perfusion by these drugs. 62 Occasionally the FSGS has a collapsing pattern, which predicts a rapid decline in renal function, as in native kidneys. 64 Collapsing FSGS can also be associated with use of mTOR inhibitors. 65 De novo MGN is similar in appearance to idiopathic MGN; however, the target antigen is not M-type PLA2R, and the condition is associated with chronic AMR. These differ ences suggest that de novo MGN could be a manifesta tion of alloantibodies to the podocyte. 1 Transplant glomerulopathy, as defined by duplication of the glomerular basement membrane, is not a specific disease, but has several causes. In one study, there were three overlapping etiologies-chronic AMR (48%), thrombotic microangiopathy (32%), and hepatitis C virus infection (36%); 16% patients were idiopathic. 66 Graft outcome was worst with hepa titis C infection; it is therefore important to identify the cause of transplant glomerulopathy, as it could have therapeutic implications.
Nonimmune pathology
Nonimmune injury also contributes to late graft pathology. The majority of kidney donor recipients become, or continue to be, hypertensive after transplantation. 67 Stenosis of the transplant renal artery is one of the treatable causes of hypertension, and arises in approximately 2% of renal transplant recipients, typically after the first post-transplant year. 68 Renal biopsy samples from these patients usually show ischemic atrophy and ATI secondary to intermittent stenosis. Chronic hypertension can lead to arterial intimal thickening and fibrosis, with duplication of the internal elastica, arteriolar and small artery hyalinosis, glomerulosclerosis, and interstitial fibrosis or tubular atrophy. Finally, recurrent or de novo diabetic nephropathy can result in chronic graft injury, starting approximately 5 years post-transplantation.
Complexity of renal graft pathology
The features of all major diseases of renal allografts have a pattern that changes over time, typically from early diagnostic lesions, to late nonspecific patterns. For example, PVN at the late stage might show no viral inclusions, and be incorrectly diagnosed as interstitial fibrosis with tubular atrophy not otherwise specified, unless an earlier biopsy sample showing these inclusions had been obtained. Furthermore, clinicians should bear in mind the limited amount of renal tissue that can be obtained by biopsy; thus, a sample might show more or less involvement than the whole kidney. In addition, the presence of features of more than one disease is usual in late renal biopsy samples, typically indicating some components of calcineurin inhibitor toxicity, donor disease (arteriosclerosis), and chronic rejection, sometimes with recurrent disease. The pathologist, together with the clinician, must try to determine the principal pathological processes that are present and decide which treatments might be of potential benefit. Clearly, this process could be made easier by advanced diagnostic tests.
Surveillance (protocol) biopsies
The value of surveillance biopsies has been to detect subclinical rejection, particularly in highly sensitized patients; to document graft outcomes in clinical trials; and as a research tool to identify pathogenetic mechanisms. 50, 60 Multiple features have been identified in such biopsy samples: for example, asymptomatic C4d deposition is detected in 2-4% of biopsy samples from nonpresensitized patients in the first post-transplantation year 69 and in almost 100% of ABO-incompatible grafts 70 (a state termed accommodation). In addition, subclinical acute CMR (now <5% with current regimens) 71 and subclinical polyomavirus infection have also been identified in approximately 2% of patients. 72 An important insight from surveillance biopsy samples obtained 1 year post-transplantation is that the combination of interstitial fibrosis and infiltrate predicts long-term graft loss. 73, 74 The utility of routine surveillance biopsies in low-risk patients has, however, been questioned owing to the low frequency of rejection and consequent need for changes in therapy. Guided surveillance biopsies could be the best approach in the future, in which a noninvasive test (such as an assay for circulating DSA) is used to select patients for biopsy to increase the probability of finding a treatable abnormality.
Modern genetic techniques Gene expression
Many groups have explored gene expression profiling by microarray or PCR in an effort to enhance the diagnostic accuracy of biopsy sample analysis and to provide pathogenetic insights. Findings include detection of cytotoxic T-cell transcripts (specifically granzyme B) 75 and IFN-γ 76 in samples from kidneys with acute rejection; the beneficial effect of increased expression of TGF-β in organs undergoing acute rejection; 77 and the association of B-cell transcripts with a poor prognosis 78, 79 and the time after transplantation. 80 Moreover, chronic AMR was associated with increased endothelial cell 53 and natural killer cell transcripts, 56 as well as expression of granzyme B and the transcription factor T-bet. 81, 82 A new way to express these data is to group them by pathogenetic pathways, which helps to organize the results and increases the robustness of any conclusions drawn from them. 82 Although molecular studies have contributed to our understanding of the mechanisms underlying renal graft pathology, their practical value in the management of graft recipients has not been established. Despite their apparent objectivity, a surprising lack of congruence is evident in the results of meta-analyses of gene expression data. Translation of these molecular studies to the clinic will require these molecular tests to be validated across multiple laboratories, their interpretation standardized and their methodology simplified. Eventually, randomized clinical trials will be needed to analyze the effects of various therapies according to patients' gene expression profiles, which is analogous to the current drive to identify subgroups of patients who respond to targeted therapies in cancer research.
Several advantages and disadvantages of gene expression analyses are apparent in comparison with assessment of microscopic pathology (Box 2). Microarrays offer the considerable advantage over conventional pathology in their capacity to identify and quantify thousands of transcript species at once and in their capability to measure early and rapid changes before pathologic lesions are detectable. Microarrays and PCR techniques, however, destroy anatomical relationships and do not identify the source or location of the transcript, an approach equivalent to 'reading' Shakespeare's plays by counting how many times each word appears.
The logistical issues and high cost of microarrays could be solved by innovative technology in the future, and these approaches might become part of the routine clinical evaluation of renal biopsy samples. In the meantime, however, insights from microarray studies are highly likely to refine the diagnostic categories and, in some cases at least, lead to more practical ways of detecting relevant molecular changes, for example, by combining PCR with immunofluorescence microscopy or immunohistochemistry. Multiparameter immunofluorescence microscopy can be done with quantum dots-crystalline semiconductors of a precise size, which emit light at specific wavelengths on excitation and are brighter and more stable than traditional fluorescent dyes-a powerful technology when combined with automated fluorescence scanning that can provide a quantitative assessment of multiple markers with histologic localization. 84 We believe that a combination of gene expression analysis with histology will be the most valuable. For example, late graft loss was associated with the expression of inflammatory transcripts in conjunction with histology showing fibrosis in 1-year protocol biopsy samples of living-donor kidney allografts. 85 Similarly, an adverse outcome was predicted by increased B-cell and IL-10 transcripts in protocol biopsy samples. 78 Molecular tests can also reveal potential fallacies in the histopathologic classification. 86, 87 For example, the distinction between 'suspicious for CMR' and 'acute CMR' in the Banff schema is based on the maximum number of intratubular mononuclear cells (the severity of tubulitis), yet molecular testing showed no marked difference between gene expression profiles in samples classified as belonging to these two categories, raising the question of whether this distinction should be based on that pathologic feature and the threshold of acute CMR be lowered or whether the distinction should be based on other features.
Cluster and principal components analysis Cluster and principal components analysis, as employed in gene expression studies, is also readily applicable to light, immunofluorescence and electron microscopy pathology parameters, provided that the pathologic features are quantitative and scored individually and the number of cases is large. 66, 88, 89 Cluster analysis attempts to group patients with similar characteristics together and to delineate subsets within these cohorts (such as those with new-onset late graft dysfunction) with pathogenetically meaningful features. Pathologic data are combined with serologic and clinical information to correlate these groups with graft outcomes and responses to disease-specific therapeutic interventions. Proponents of this approach argue that this methodology could be used to deconstruct data matrixes and so provide the best explana tion of the variance between histological groupings and outcomes. 88 In protocol biopsy samples of 240 grafts with late dysfunction, the long-term deterioration of kidney allograft function (DeKAF) study yielded six clusters based on the measurement of 13 Banff scores among patients without recurrent disease or PVN. 89 These clusters had widely differing 1-year graft survival (53-96%), which did not correlate well with traditional pathology diagnostic categories. 89 The characterization of these clusters could probably be further improved with additional information, as this analysis did not take into account C4d deposition or DSA levels in the tissue samplesfeatures that were strongly predictive of outcome in the same population. 50 In a similar study based on 234 unselected indication biopsy samples, clustering algorithms based on Banff scores, C4d deposition and electron microscopy features yielded three categories: microcirculatory disease (glomerulitis, capillaritis, glomerular basement membrane duplication and mesangial expansion); scarring and/or hyalinosis; and tubulointerstitial inflammation. 88 Patients in the microcirculatory disease group had an increased incidence of graft loss. DSA levels, C4d deposition and arteritis were features found in the microcirculatory disease group, whereas the time after transplantation and presence of arterial intimal fibrosis correlated with the scarring and/or hyalinosis group. Multilamination of the peritubular capillary basement membrane was found in both the microcirculatory disease and scarring and/or hyalinosis groups. 88 The authors argue that this approach could lead to the identification of distinct classes of pathogenetic factors; they also propose that their technique might be useful in the future to supplement Banff scoring of individual biopsy samples with Advantages of microscopy Speed Low cost Detection of anatomic site of injury Assessment of severity and reversibility Determination of adequacy mathematical expressions derived from the prognostic implications of the lesions specific to each group, thereby leading to the development of a more robust composite Banff scoring system.
Morphometric methods
In part owing to the broad application of whole slide scanning, which provides a digital image for analytic and archival purposes, morphometric methods are increasingly becoming available in pathology laboratories. Improvements in reproducibility and accuracy of diagnosis are the primary goals of this method. Among the features that can be assessed by this technology are fibrosis and cellular infiltrates. Fibrosis has been linked to graft outcomes, particularly when associated with inflammation, 72, 79, 85 and could one day become a target of drug intervention, in which case reproducible methods will be needed for its assessment. 90 A comparative study reported the advantages and correlations of the major morphometric methods: trichrome stain, Sirius red stain, and collagen III immunohistochemistry. 91 Collagen III morphometry and visual scoring of trichrome-stained sections had the best correlation with graft function. 90 Clearly, the methodology for morphometry needs to be standardized. For this reason, a Banff working group was formed in 2011 to develop a consensus recommendation.
Detection of functionally relevant molecules in situ
A powerful approach for the assessment of renal biopsy samples is the detection of functionally relevant molecules in situ. C4d localization and extent of deposition is the best-known example of such an approach, but the number of other candidates is increasing rapidly. For example, FOXP3 (a transcription factor highly expressed in T-regulatory cells) can be readily detected in renal biopsy samples. Initial studies revealed FOXP3 + cells in human allografts affected by acute CMR, but its presence showed little or no correlation with graft outcome, 92, 93 leading to the conclusion that the FOXP3 + cells were bystanders. One study even reported that a worse outcome was associated with high levels of FOXP3 mRNA in biopsy samples showing acute rejection. 94 However, studies in mice indicate that Foxp3 + cells are necessary for host acceptance of renal allografts. 95 Indeed, when Foxp3 + cells are selectively depleted, renal grafts are rejected within 1 week. Moreover, subsequent clinical studies of protocol biopsy samples 96 or indication biopsy samples showing borderline infiltrates 97, 98 in renal allografts revealed that patients whose biopsy samples showed an increased number or proportion of FOXP3 + cells had an improved prognosis, and evidence of donor-specific immune hyporesponsiveness. 99 Other studies showed that patients renal grafts with AMR have a reduced level of FOXP3 + cells, 92 which might account for the poor prognosis of individuals with AMR who have low urinary levels of FOXP3 mRNA. 100 More studies are warranted to clarify the potential value of this marker.
Endothelial cells are considered a major target of the rejection process and assessment of their status in grafts is a logical goal. As noted above, increased endothelium-associated gene transcripts can be detected in patients with circulating DSA. However, this finding has not been translated into an immunohistochemistry test for the corresponding proteins, because many are constitutively expressed (B. Sis, personal communication). An alternative approach is to measure the extent of post-translational modification of signaling proteins. Antibodies to the phosphorylated forms of some signaling proteins, such as ERK and Akt, have been developed. Such antibodies can detect the extent and nature of endothelial activation. 101 We expect that in the future these and similar markers of cell physiology will be more widely applied in the routine analysis of graft biopsy samples.
Conclusions
Assessment of conventional renal biopsy samples provides well-characterized criteria for most diseases that afflict the renal allograft. For this reason, biopsy analysis will remain a definitive procedure for the diagnosis of most causes of renal allograft dysfunction for the foreseeable future. Other, less invasive modalities, including gene expression profiling and proteomic analyses of blood and urine samples, as well as in vivo imaging, have the potential to contribute to our clinical armamentarium, but clinical acceptance of these techniques will depend on improvements in cost, speed and simplicity, as well as cross-laboratory validation. In the meantime, modern pathology techniques, such as identification of functional markers, morphometry and cluster analysis, if avidly pursued, are expected to enhance the clinical usefulness of assessments of transplant biopsy samples.
Review criteria
PubMed and Google were searched for full-text articles published in English and papers were selected for inclusion based on our knowledge of the literature and work in the field, contributions by our research group and other key investigators. The following search terms were used: "acute and chronic allograft dysfunction", "acute cellular rejection", "acute humoral rejection", "Banff criteria", "calcineurin inhibitor toxicity", "chronic humoral rejection", "de novo glomerular disease in transplantation", "gene expression in renal biopsy material", "in situ hybridization in renal biopsy material", "polyomavirus nephropathy", "protocol kidney biopsies", "surveillance kidney biopsies", "technical complications in renal transplantation", and "thrombotic microangiopathy". In addition, the bibliographies of key articles were reviewed to identify further relevant articles.
